Introduction {#Sec1}
============

The parton distribution functions (PDFs) of the proton are determined from fits to the world data on deep inelastic and related hard scattering processes; see, for example, \[[@CR1]--[@CR6]\]. More than 5 years have elapsed since MSTW published \[[@CR1]\] the results of their global PDF analysis entitled 'Parton distributions for the LHC'. Since then there have been significant improvements in the data, including especially the measurements made at the LHC. It is therefore timely to present a new global PDF analysis within the MSTW framework, which we denote by MMHT2014.[1](#Fn1){ref-type="fn"}

In the intervening period, the predictions of the MSTW partons have been compared with the new data as they have become available. The only significant shortcoming of these MSTW predictions was in the description of the lepton charge asymmetry from $\documentclass[12pt]{minimal}
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                \begin{document}$$W^\pm $$\end{document}$ decays, as a function of the lepton rapidity. This was particularly clear in the asymmetry data measured at the LHC \[[@CR9], [@CR10]\]. This deficiency was investigated in detail in MMSTWW \[[@CR11]\].[2](#Fn2){ref-type="fn"} In that work, fits with extended 'Chebyshev' parameterisations of the input distributions were carried out, to exactly the same data set as was used in the original global MSTW PDF analysis. To be specific, MMSTWW replaced the factors $\documentclass[12pt]{minimal}
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                \begin{document}$$i=1 \ldots 4$$\end{document}$. The Chebyshev forms have the advantage that the parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$a_i$$\end{document}$ are well-behaved and, compared to the coefficients of the MSTW parameterisation, are rather small, with moduli usually $\documentclass[12pt]{minimal}
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                \begin{document}$$\le 1$$\end{document}$. At the same time, MMSTWW \[[@CR11]\] investigated the effect of also extending, and making more flexible, the 'nuclear' correction to the deuteron structure functions. The extended Chebyshev parameterisations resulted in an improved stability in the deuteron corrections. The main changes in the PDFs found in the 'Chebyshev' analysis, as compared to the MSTW fit, were in the valence up and down distributions, $\documentclass[12pt]{minimal}
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                \begin{document}$$x \lesssim 0.03$$\end{document}$ at high $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2 \sim 10^4 ~\mathrm GeV^2$$\end{document}$, or slightly higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ at low $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2$$\end{document}$; a region where there are weak constraints on the valence PDFs from the data used in these fits. These changes to the valence quark PDFs, essentially in the combination $\documentclass[12pt]{minimal}
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                \begin{document}$$u_V-d_V$$\end{document}$, were sufficient to result in a good description of the data on lepton charge asymmetry from $\documentclass[12pt]{minimal}
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                \begin{document}$$W^\pm $$\end{document}$ decays. Recall that the LHC data for the lepton asymmetry were not included in the MMSTWW \[[@CR11]\] fit, but are predicted. There were no other signs of significant changes in the PDFs, and for the overwhelming majority of processes at the LHC (and the Tevatron) the MSTW predictions were found to be satisfactory; see \[[@CR11]\] (though the precise shape of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W,Z$$\end{document}$ rapidity data was not ideal, particularly at NNLO) and e.g. \[[@CR12], [@CR13]\].

Nevertheless, it is time to take advantage of the new data in order to improve the precision of PDFs within the same general framework of the MSTW analysis. This includes a fit to new data from HERA, the Tevatron and the LHC, where the data have all been published by the beginning of 2014, which was chosen as a suitable cut-off point. It is worth noting at the beginning of the article that there are no very significant changes in the PDFs beyond those already in the MMSTWW set, and all predictions for LHC processes remain very similar to those for MMSTWW and in nearly all cases to MSTW2008. Despite the inclusion of new data there is a slight increase of PDF uncertainty in general (particularly for the strange quark) due to an improved understanding of the source of uncertainties. We also point out here that it is expected that there will be another update of the PDFs in the same framework with a time-scale consistent with the release of the final combination of HERA inclusive structure function data, more LHC data for a variety of processes, and also the expected availability of the full NNLO calculation of inclusive jet production and of top-quark pair production differential distributions.

The outline of the paper is as follows. In Sect. [2](#Sec2){ref-type="sec"} we describe the improvements that we have in our theoretical procedures since the MSTW2008 analysis \[[@CR1]\] was performed. In particular, we discuss the parameterisation of the input PDFs, as well as the improved treatments (i) of the deuteron and nuclear corrections, (ii) of the heavy flavour PDFs, (iii) of the experimental errors of the data and (iv) in fitting the neutrino-produced dimuon data. In Sect. [3](#Sec12){ref-type="sec"} we discuss the non-LHC data which have been added since the MSTW2008 analysis, while Sect. [4](#Sec13){ref-type="sec"} describes the LHC data that are now included in the fit, where we determine these by imposing a cut-off date of publication by the beginning of 2014. The latter section concentrates on the description of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ production data, together with a discussion of the inclusion of LHC jet production data.

The results of the global analysis can be found in Sect. [5](#Sec25){ref-type="sec"}. This section starts with a discussion of the treatment of the QCD coupling, and of whether or not to include $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M^2_Z)$$\end{document}$ as a free parameter. We then present the LO, NLO and NNLO PDFs and their uncertainties, together with the values of the input parameters. These sets of PDFs are the end products of the analysis -- the grids and interpolation code for the PDFs can be found at \[[@CR14]\] and will be available at \[[@CR15]\] and a new HepForge \[[@CR16]\] project site is foreseen. An example is given in Fig. [1](#Fig1){ref-type="fig"}, which shows the NNLO PDFs at scales of $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2=10^4 ~\mathrm GeV^2$$\end{document}$, including the associated one-sigma (68 $\documentclass[12pt]{minimal}
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                \begin{document}$$\%$$\end{document}$) confidence-level uncertainty bands.Fig. 1MMHT2014 NNLO PDFs at $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2=10^4~\mathrm GeV^2$$\end{document}$, with associated 68 $\documentclass[12pt]{minimal}
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                \begin{document}$$\%$$\end{document}$ confidence-level uncertainty bands. The corresponding plot of NLO PDFs is shown in Fig. [20](#Fig20){ref-type="fig"}

Section [5](#Sec25){ref-type="sec"} also contains a comparison of the NLO and NNLO PDFs with those of MSTW2008 \[[@CR1]\]. The quality of the fit to the data at LO is far worse than that at NLO and NNLO, and is included for completeness, and because of the potential use in LO Monte Carlo generators, though the use of generators with NLO matrix elements is becoming far more standard. In Sect. [6](#Sec40){ref-type="sec"} we make predictions for various benchmark processes at the LHC, and in Sect. [7](#Sec41){ref-type="sec"} we discuss other data sets that are becoming available at the LHC which constrain the PDFs, but that are not included in the present global fit due to failure to satisfy our cut-off date; we refer to dijet and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W+c$$\end{document}$ production and to the top quark differential distributions. In Sect. [8](#Sec45){ref-type="sec"} we compare our MMHT PDFs with those of the very recent NNPDF3.0 analysis \[[@CR17]\], and also with older sets of PDFs of other collaborations. In Sect. [9](#Sec51){ref-type="sec"} we present our conclusions.

Changes in the theoretical procedures {#Sec2}
=====================================

In this section, we list the changes in our theoretical description of the data, from that used in the MSTW analysis \[[@CR1]\]. We also glance ahead to mention some of the main effects on the resulting PDFs.

Input distributions {#Sec3}
-------------------

As is clear from the discussion in the Introduction, one improvement is to use parameterisations for the input distributions based on Chebyshev polynomials. Following the detailed study in \[[@CR11]\], we take for most PDFs a parameterisation of the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} xf(x,Q_0^2)~=~A(1-x)^\eta x^\delta \left( 1+\sum ^n_{i=1} a_i T^\mathrm{Ch}_i(y(x)) \right) , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_0^2=1~\mathrm GeV^2$$\end{document}$ is the input scale and the $\documentclass[12pt]{minimal}
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                \begin{document}$$T^\mathrm{Ch}_i(y)$$\end{document}$ are Chebyshev polynomials in $\documentclass[12pt]{minimal}
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                \begin{document}$$y=1-2x^k$$\end{document}$, where we take $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k=0.5$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n=4$$\end{document}$. The global fit determines the values of the set of parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$s_+$$\end{document}$ we also set the third and fourth Chebyshev polynomials to be the same as for the light sea, as there are not enough data which can constrain the strange quark, while leaving all four parameters in the polynomial free leads to instabilities.

We still have to specify the parameterisations of the gluon and of the differences $\documentclass[12pt]{minimal}
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The input PDFs are subject to three constraints from the number sum rules$$\documentclass[12pt]{minimal}
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Deuteron corrections {#Sec4}
--------------------

It is still the case that we need deep inelastic data on deuteron targets \[[@CR19]--[@CR24]\] in order to fully separate the $\documentclass[12pt]{minimal}
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The uncertainties for the parameters in the MMHT2014 PDF fits are also shown in Table [1](#Tab1){ref-type="table"}. These values are quoted as three times the uncertainty obtained using the standard $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ at NLO and NNLO with uncertainties (*top*) and at NLO compared to the CJ12 corrections (*bottom*)

Until recently, most of the other groups that have performed global PDF analyses do not include deuteron corrections. An exception is the analysis of Ref. \[[@CR27]\]. In the present work, and in MMSTWW \[[@CR11]\], we have allowed the data to determine what the deuteron correction should be, with an uncertainty determined by the quality of the fit. The CTEQ-Jefferson Lab collaboration \[[@CR27]\] have performed three NLO global analyses which differ in the size of the deuteron corrections. They are denoted CJ12min, CJ12med and CJ12max, depending on whether they have mild, medium or strong deuteron corrections. We plot the comparison of these to our NLO deuteron corrections in the lower plot of Fig. [3](#Fig3){ref-type="fig"}. The CJ12 corrections are $\documentclass[12pt]{minimal}
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                \begin{document}$$W^\pm $$\end{document}$ decays at the Tevatron and LHC, the latter of which are not included in the CJ12 fits.

Nuclear corrections for neutrino data {#Sec5}
-------------------------------------

The neutrino structure function data are obtained by scattering on a heavy-nuclear target. The NuTeV experiment \[[@CR29]\] uses an iron target, and the CHORUS experiment \[[@CR30]\] scatters on lead. Additionally the dimuon data from CCFR/NuTeV \[[@CR31]\] is also obtained from (anti)neutrino scattering from an iron target. In the MSTW analysis \[[@CR1]\] we applied the nuclear corrections $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_f$$\end{document}$, defined as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} f^A(x,Q^2)~=~R_f(x,Q^2,A)~f(x,Q^2), \end{aligned}$$\end{document}$$separately for each parton flavour $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f$$\end{document}$ using the results of a NLO fit by de Florian and Sassot \[[@CR32]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$f^A$$\end{document}$ are defined to be the PDFs of a *proton* bound in a nucleus of mass number $\documentclass[12pt]{minimal}
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                \begin{document}$$A$$\end{document}$. In the present analysis we use the updated results of de Florian et al., which are shown in Fig. 14 of \[[@CR33]\]. The nuclear corrections for the heavy flavour quarks are assumed to be the same as that found for strange quarks, though the contribution from heavy quarks is very small. The updated nuclear corrections are quite similar, except for the strange quark for $\documentclass[12pt]{minimal}
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                \begin{document}$$x<0.1$$\end{document}$, though this does not significantly affect the extracted values of the strange quark. The new corrections improve the quality of the fit by $\documentclass[12pt]{minimal}
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                \begin{document}$$F_2(x,Q^2)$$\end{document}$, but also HERA structure function data and CDF jet data which are only indirectly affected by nuclear corrections.

As in \[[@CR1]\] we multiply the nuclear corrections by a three-parameter modification function, Eq. (73) in \[[@CR1]\], which allows a penalty-free change in the details of the normalisation and shape. As in \[[@CR1]\] the free parameters choose values $\documentclass[12pt]{minimal}
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                \begin{document}$$\lesssim 1$$\end{document}$, i.e. they chose modification of only a couple of percent at most away from the default values. Hence, for both deuteron and heavy-nuclear corrections, we allow the fit to choose the final corrections with no penalty; but in both cases the corrections are fully consistent with expectation, i.e. any penalty applied would have very little effect.

General mass -- variable flavour number scheme (GM-VFNS) {#Sec6}
--------------------------------------------------------

The treatment of heavy flavours -- charm, bottom -- has an important impact on the PDFs extracted from the global analysis due to the data available for $\documentclass[12pt]{minimal}
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                \begin{document}$$h=c,~b$$\end{document}$, and also on the heavy flavour contribution to the total structure function at small $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2 \gg m^2_h$$\end{document}$ the quark can be treated as massless, with the ln$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(Q^2/m^2_h)$$\end{document}$ contributions being summed via the evolution equations. The GM-VFNS is the appropriate way to interpolate between these two regions, and as shown recently \[[@CR34]--[@CR36]\], the use of the fixed-flavour number scheme (FFNS) leads to significantly different results in a PDF fit to the GM-VFNS, even at NNLO. However, there is freedom to define different definitions of a GM-VFNS, which has resulted in the existence of various prescriptions, each with a particular reason for its choice. Well-known examples are the original Aivazis--Collins--Olness--Tung (ACOT) \[[@CR37]\] and Thorne--Roberts (TR) \[[@CR38]\] schemes, and their more recent refinements \[[@CR39]--[@CR41]\]. The MSTW analysis \[[@CR1]\] adopted the more recent TR' prescription in \[[@CR41]\].

Ideally one would like any GM-VFNS to reduce exactly to the correct fixed-flavour number scheme at low $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2 \rightarrow \infty $$\end{document}$. This has been accomplished in \[[@CR34]\], by introducing a new 'optimal' scheme which improves the smoothness of the transition region where the number of active flavours is increased by one. The optimal scheme is adopted in the present global analysis.[4](#Fn4){ref-type="fn"}

In general, at NLO, the PDFs, and the predictions using them can vary by as much as 2 $\documentclass[12pt]{minimal}
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                \begin{document}$$\%$$\end{document}$ from the mean value due to the ambiguity in the choice of the GM-VFNS, and a similar size variation feeds into predictions for e.g. $\documentclass[12pt]{minimal}
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                \begin{document}$$W,Z$$\end{document}$ and Higgs boson production at colliders. At NNLO there is far more stability to varying the GM-VFNS definition. Typical changes are less than 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ values. This is illustrated well by the plots shown in Fig. 6 of \[[@CR34]\]. Similarly predictions for standard cross sections vary at the sub-percent level at NNLO.

Treatment of the uncertainties {#Sec7}
------------------------------

All data sets which are common to the MSTW2008 and the present analysis are treated in the same manner in both, except that the multiplicative, rather than additive, definition of correlated uncertainties is used, as discussed in more detail below. All new data sets use the full treatment of correlated uncertainties, if these are available. For some data sets these are provided as a set of individual sources of correlated uncertainty, while for others only the final correlation matrix is provided.

If only the final correlation matrix is provided, then we use the expression$$\documentclass[12pt]{minimal}
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                \begin{document}$$T_i$$\end{document}$ are the parametrised[5](#Fn5){ref-type="fn"} predictions, and $\documentclass[12pt]{minimal}
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                \begin{document}$$C_{ij}$$\end{document}$ is the covariance matrix.

In the case where the individual sources of correlated errors are provided the goodness-of-fit, $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$, including the full correlated error information, is defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \chi ^2=\sum _{i=1}^{N_\mathrm{pts}}\left( \frac{D_i+\sum _{k=1}^{N_\mathrm{corr}} r_k\sigma _{k,i}^\mathrm{corr}-T_i}{\sigma _i^\mathrm{uncorr}}\right) ^2+\sum _{k=1}^{N_\mathrm{corr}}r_k^2, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$D_i+\sum _{k=1}^{N_\mathrm{corr}}r_k\sigma _{k,i}^\mathrm{corr}$$\end{document}$ are the data values allowed to shift by some multiple $\documentclass[12pt]{minimal}
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                \begin{document}$$r_k$$\end{document}$ of the systematic error $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{k,i}^\mathrm{corr}$$\end{document}$ in order to give the best fit, and where $\documentclass[12pt]{minimal}
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                \begin{document}$$T_i$$\end{document}$ are the parameterised predictions. The last term on the right is the penalty for the shifts of data relative to theory for each source of correlated uncertainty. The errors are combined multiplicatively, that is, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{k,i}^\mathrm{corr}= \beta _{k,i}^\mathrm{corr}T_i$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta _{k,i}^\mathrm{corr}$$\end{document}$ are the percentage errors. Previously, in MSTW \[[@CR1]\], the additive definition was employed for all but the normalisation uncertainty. That is, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{k,i}^\mathrm{corr} = \beta _{k,i}^\mathrm{corr}D_i$$\end{document}$ was used.

To appreciate the consequence of the change we can think of the shift of data relative to theory as being approximately given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sum _{k=1}^{N_\mathrm{corr}} r_k\sigma _{k,i}^\mathrm{corr} = \sum _{k=1}^{N_\mathrm{corr}}\beta _{k,i}^\mathrm{corr}D_i(T_i) \approx \delta f D_i(T_i), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta f$$\end{document}$ is the fractional shift in the data -- this is exactly correct for a normalisation uncertainty.
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                \begin{document}$$1+\delta f = f$$\end{document}$, effectively the difference between the additive and multiplicative use of errors is that$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} D_i \!+\! \sum _{k=1}^{N_\mathrm{corr}}\beta _{k,i}^\mathrm{corr}D_i \sim f*D_i \quad \hbox {or} \quad T_i \!-\! \sum _{k=1}^{N_\mathrm{corr}}\beta _{k,i}^\mathrm{corr}T_i \sim T_i/f.\nonumber \\ \end{aligned}$$\end{document}$$So for the additive definition the data are effectively rescaled by $\documentclass[12pt]{minimal}
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                \begin{document}$$f$$\end{document}$ while for the multiplicative definition the theory is rescaled by $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ definition behaves like$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&\chi ^2\sim \left( \frac{f*D_i-T_i}{\sigma _i^\mathrm{uncorr}}\right) ^2 \quad \hbox {or} \quad \chi ^2\sim \left( \frac{D_i-T_i/f}{\sigma _i^\mathrm{uncorr}}\right) ^2 \nonumber \\&\quad = \left( \frac{f*D_i-T_i}{f*\sigma _i^\mathrm{uncorr}}\right) ^2. \end{aligned}$$\end{document}$$Hence, with our new choice, the uncorrelated errors effectively scale with the data, whereas with the previous additive definition the uncorrelated uncertainties remain constant as the data are rescaled. The additive definition can therefore lead to a tendency for the data to choose a small scaling $\documentclass[12pt]{minimal}
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                \begin{document}$$f$$\end{document}$ to bring the data closer together and hence reduce the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$, as pointed out in \[[@CR42]\] and discussed in \[[@CR43]\]. Our previous treatment of uncertainties guarded against this for the most obvious case of normalisation uncertainty by using the multiplicative definition for this particular source. However, the same type of effect is possible in any relatively large systematic uncertainty which affects all data points with the same sign, e.g. the jet energy scale uncertainty, so the multiplicative definition is the safer choice and is recommended by many experiments.

The other change we make in our treatment of correlated uncertainties is that we now use the standard quadratic penalty in $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ for normalisation shifts, rather than the quartic penalty adopted in MSTW \[[@CR1]\]. It is checked explicitly that this makes essentially no difference in NLO and NNLO fits, but there is a tendency for some data to normalise down in a LO fit. In some cases the quality of the fit at LO would be very poor without this freedom, though it could often be largely compensated by a change in renormalisation and/or factorisation scale away from the standard values.

Fit to dimuon data {#Sec8}
------------------
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                \begin{document}$$\bar{s}$$\end{document}$ quark distributions comes from dimuon production in $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\nu }}_\mu N$$\end{document}$ scattering \[[@CR31]\], where (up to Cabibbo mixing) an incoming muon (anti)neutrino scatters of a (anti)strange quark to produce a charm quark, which is detected via the decay of a charmed meson into a muon; see Fig. [4](#Fig4){ref-type="fig"}a. These data were included in the MSTW2008 analysis, but here we make two changes to the analysis, one far more significant, in practice, than the other.Fig. 4Diagrams for dimuon production in $\documentclass[12pt]{minimal}
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The comparison of theory predictions to the measured cross section on dimuon production requires knowledge of the branching fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ for dimuon data as determined by the dynamical tolerance procedure used to define PDF uncertainties. Hence, the preferred value is always close to the central value in \[[@CR45]\]. These lower branching ratios compared to the MSTW2008 analysis lead to a small increase in the normalisation of the strange quark. However, probably more importantly, the large uncertainty on the branching ratio allows for a much larger uncertainty on the strange quark than in our previous analysis. Indeed, this is one of the most significant differences between MMHT2014 and MSTW2008 PDFs.
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We also correct the dimuon cross sections for a small missing contribution. In the previous analysis we calculated the dimuon cross section ignoring the contribution where the charm quark is produced away from the interaction point of the quark with the $\documentclass[12pt]{minimal}
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Fit to NMC structure function data {#Sec11}
----------------------------------

In the MSTW2008 fit we used the NMC structure function data with the $\documentclass[12pt]{minimal}
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Non-LHC data included since the MSTW2008 analysis {#Sec12}
=================================================

Here we list the changes and additions to the non-LHC data sets used in the present analysis as compared to MSTW2008 \[[@CR1]\]. All the data sets used in the MSTW2008 analysis are still included, unless the update is explicitly mentioned below. We continue to use the same cuts on structure function data, i.e. $\documentclass[12pt]{minimal}
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As an aside, we should comment on the very small $\documentclass[12pt]{minimal}
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Having discussed the kinematic cuts that we apply, we are now ready to discuss the fit obtained using only the non-LHC data sets. We study the inclusion of a variety of LHC data in the next section. We note that in the fits, performed in this section, the coefficients of all four Chebyshev polynomials for the $\documentclass[12pt]{minimal}
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                \begin{document}$$s_+$$\end{document}$ distribution are set equal to those for the light sea, as without LHC data there is insufficient constraining power in the data to fit these independently. This makes a completely direct comparison between the full PDFs including LHC data in the analysis and the PDFs without LHC data impossible.

We replace the previously used HERA run I neutral and charged current data measured by the H1 and ZEUS collaborations, by their combined data set \[[@CR61]\] and use the full treatment of correlated errors. We use a lower $\documentclass[12pt]{minimal}
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In the present analysis we include the CDF $\documentclass[12pt]{minimal}
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We also include the final measurements for the CDF $\documentclass[12pt]{minimal}
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These changes to the theoretical procedures, and additions to the global data that are fitted, do not change the PDFs very much from those in \[[@CR1]\], except for the large change in ($\documentclass[12pt]{minimal}
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The LHC data included in the present fit {#Sec13}
========================================

We now discuss the inclusion of the LHC data into the PDF fit. This includes a variety of data on $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ production, also the completely new process for our PDF determination of top-quark pair production, and finally jet production. The addition of these LHC data sets to the data already discussed leads us to our final set of MMHT2014 PDFs. We make these PDFs available at NLO and NNLO, but also at LO. The full LO fit requires a much higher value of the strong coupling, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu ^2=p_T^2$$\end{document}$ in jet production, the same choices as made at NLO and NNLO. Even so the fit quality is much worse at LO than at NLO and NNLO, both of which give a similar quality of description of the global data. We will present full details of the fit quality and the PDFs in the next section, but first we present the results of the fit to each of the different types of LHC data.
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---------------------------------------------------------------------------------------

In order to include the LHC data on $\documentclass[12pt]{minimal}
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The quality of the description of the LHC $\documentclass[12pt]{minimal}
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First we consider the description of the ATLAS $\documentclass[12pt]{minimal}
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### CMS asymmetry data {#Sec16}

Next we discuss the description of the charge lepton asymmetries observed in the CMS data \[[@CR9], [@CR77]\]. These data were also not well described by MSTW2008 PDFs, but as seen in Table [2](#Tab2){ref-type="table"}, the prediction using the MMSTWW set at NLO is very good. However, it is still not ideal when using the NNLO set. If we implement the changes discussed above, in the present article, but before including the LHC data, the prediction for these data deteriorates at NLO (due to $\documentclass[12pt]{minimal}
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                \begin{document}$$x\sim 0.01$$\end{document}$) while it improves slightly at NNLO. When the LHC data are included, we see from Table [2](#Tab2){ref-type="table"} that the fit quality becomes excellent. This is particularly the case at NLO, where the fit is about as good as possible, but the NNLO description is nearly as good. The fit quality is shown in Fig. [8](#Fig8){ref-type="fig"}, and indeed the NLO fit is excellent, but at NNLO there is a slight tendency to undershoot the low rapidity data, but this is exaggerated by the fact that only uncorrelated uncertainties are shown.

Fig. 8The fit quality for the CMS electron asymmetry data for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T>35~\mathrm GeV$$\end{document}$ in \[[@CR9]\] at NLO and NNLO. Note that correlated uncertainties are made available in the form of a correlation matrix, so the shift of data relative to theory cannot be shown, and makes a comparison of data with PDF uncertainties less useful
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                \begin{document}$$Z\rightarrow \mu ^+\mu ^-$$\end{document}$ data \[[@CR80]\]. The fit quality is shown in Fig. [9](#Fig9){ref-type="fig"}. The tendency to undershoot the high rapidity $\documentclass[12pt]{minimal}
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                \begin{document}$$W^{\pm }$$\end{document}$ data. In principle, there are electroweak corrections, including those where the photon distribution appears in the initial state, which are potentially significant. However, the electroweak corrections are still somewhat smaller than the data uncertainty, so we use the pure QCD calculation in this article, though these data, and further measurements, will be an essential feature of a future update of \[[@CR81]\] which will appear shortly; see also \[[@CR82]\].Fig. 9The fit quality for the LHCb data for $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ production in \[[@CR78]\] and \[[@CR79]\] at NLO and NNLO. Note that correlated uncertainties are made available in the form of a correlation matrix, so the shift of data relative to theory cannot be shown. The plots show $\documentclass[12pt]{minimal}
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In addition, we include in the fit the CMS data for $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow e^+e^-$$\end{document}$ \[[@CR84]\], and the ATLAS high-mass Drell--Yan data \[[@CR83]\]. Both are well described, again slightly better at NLO than at NNLO. The fit quality for the ATLAS high-mass Drell--Yan data is shown in Fig. [10](#Fig10){ref-type="fig"}. The correlated uncertainties clearly play a big part in allowing the good quality fit, particularly at NLO. However, these are presented in the form of correlation matrices so it is not possible to illustrate shifts of data relative to theory. For these data sets the variation of the theory predictions within the range of PDF uncertainties is smaller than the data uncertainties. As in the previous subsection, in principle there are electroweak corrections, including those where the photon distribution appears in the initial state, which is particularly relevant for this type of process, and they are included in the analysis of \[[@CR83]\], which takes the photon PDF from \[[@CR81]\], and used as a very weak constraint on the photon PDF in \[[@CR85]\]. However, as in the last subsection these are still much smaller than the data uncertainty, though this may well not continue with future measurements.Fig. 10The fit quality for the ATLAS high-mass Drell--Yan data set \[[@CR83]\] at NLO (*left*) and NNLO (*right*). The *red points* represent the ratio of measured data to theory predictions, and the b*lack points* (clustering around Data/Theory $\documentclass[12pt]{minimal}
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### CMS double-differential Drell--Yan data {#Sec19}

Finally, we include the CMS double-differential Drell--Yan data \[[@CR86]\] extending down to relatively low masses, $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ in adjacent mass bins, and if the normalisation is changed to improve the match to data in one mass bin it affects the quality in the nearby bins. The fit quality is hugely improved at NNLO, as shown in Fig. [11](#Fig11){ref-type="fig"}. This might be taken as an indication that NNLO corrections are particularly important for low-mass Drell--Yan production. However, it is a little more complicated than this. The $\documentclass[12pt]{minimal}
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### Procedure for LO fit to Drell--Yan data {#Sec20}

At LO we follow the procedure for fitting Drell--Yan (vector boson production) data given in \[[@CR1]\]. In this, and other previous studies, it has been found that it is not possible to obtain a good simultaneous fit of structure function and Drell--Yan data, since the quark (and antiquark) distributions are not compatible due to NLO corrections to coefficient functions being much larger for Drell--Yan production. This is because of a significant difference between the result in the space-like and time-like regimes; that is, there is a factor of $\documentclass[12pt]{minimal}
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We include in the fit the combined measurement of the D0 and CDF experiments for the $\documentclass[12pt]{minimal}
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The fit quality at LO is very poor, with $\documentclass[12pt]{minimal}
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LHC data on jets {#Sec22}
----------------

In the present global analysis at NLO we include the CMS inclusive jet data at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=7$$\end{document}$ TeV with jet radius $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.7$$\end{document}$ \[[@CR106]\], together with the ATLAS data at 7 TeV \[[@CR107]\] and at 2.76 TeV with jet radius $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.4$$\end{document}$ \[[@CR108]\]. For the latter we use cuts proposed in the ATLAS study, which eliminate the two lowest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$ points in each bin, due to the large sensitivity to hadronisation corrections in these bins, and some of the highest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$ points.[8](#Fn8){ref-type="fn"} We perform the calculations within the fitting procedure using FastNLO \[[@CR110]\] version 2 \[[@CR111]\], which uses NLOJet$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$++$$\end{document}$ \[[@CR112], [@CR113]\], and APPLGrid. The jet data from the two experiments appear to be extremely compatible with each other. The data are both well predicted and well fit, as shown in Table [4](#Tab4){ref-type="table"}. Before these data are included in the fit we find $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2 =107$$\end{document}$ for 116 data points for ATLAS and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2=143$$\end{document}$ for the 133 CMS jet data points at NLO, very similar to the values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2$$\end{document}$ obtained from the earlier MMSTWW NLO PDF set. Including these jet data in the NLO fit leads to more improvement in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2$$\end{document}$ for CMS than for the ATLAS data, i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$143 \rightarrow 138$$\end{document}$ as opposed to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$107\rightarrow 106$$\end{document}$. However, in both cases the possible improvement is rather small. We note that the treatment of the systematic uncertainties for the CMS jet data has been modified to take account of an increased understanding by the experiment since the original publication of the data \[[@CR106]\]. Initially the the single pion related correlated uncertainties were all correlated. However, in \[[@CR114]\] a decision was made to decorrelate single pion systematics, i.e. to split the single pion source into five separate parts. This lowers the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2$$\end{document}$ obtained in the best fit significantly, from about 170 to about 135. However, it leads to no real change in PDFs extracted in the global fit, though it allows a slightly higher value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$. The fit quality for the LHC jet data is shown at NLO in Figs. [13](#Fig13){ref-type="fig"}, [14](#Fig14){ref-type="fig"} and [15](#Fig15){ref-type="fig"}. One can see that the correlated uncertainties play a significant role in enabling the good fit quality, with the shift of data against theory being larger than the uncorrelated uncertainties. However, for each of the three data sets the shape of the data/theory comparison is very good even before the correlated systematics are applied, with only a small correction of order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10\,\%$$\end{document}$ at most needed, this being relatively independent of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$, rapidity, or even data set.[9](#Fn9){ref-type="fn"}
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Of course, the full NNLO QCD calculation is not available for jet cross sections, either in DIS or in hadron--hadron collisions. The NNLO calculation of jet production is ongoing, but not yet complete. It is an enormous project and much progress has been made; see \[[@CR115]--[@CR117]\], and it will hopefully be available soon.

Despite the absence of the full NNLO result, in the NNLO MSTW analysis the Tevatron jet data \[[@CR118], [@CR119]\] were included in the fit using an approximation based on the knowledge of the threshold corrections \[[@CR120]\]. It was argued that although there was no guarantee that these give a very good approximation to the full NNLO corrections, in this case the NLO corrections themselves are of the same order as the systematic uncertainties on the data. The threshold corrections are the only expected source of possible large NNLO corrections, so the fact that they provide a correction which is smooth in the $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ gluon it was decided to include them in the NNLO fit judging that the impact of leaving them out would be far more detrimental than any inaccuracies in including them without knowing the full NNLO hard cross section.

In fact the threshold corrections to the Tevatron data gave about a 10 $\documentclass[12pt]{minimal}
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In the present global analysis, as a default at NNLO, we still include the Tevatron jet data in the fit. This seems reasonable, since they are always relatively near threshold, and the corrections do not obviously break down at the lowest $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$ measured the threshold corrections are not stable and, moreover, have large uncertainties at the highest rapidities observed. This is slightly more blunt, but quite similar in practice to the conclusion of \[[@CR124]\] which compares the degree of agreement between the approximate threshold calculation and the exact calculation for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$) and relatively central rapidity. These regions of agreement are then deemed to be the regions where the approximate NNLO is likely quite reliable. They correspond to most of the Tevatron data, except at high rapidity (where the systematic errors on data are large), much of the CMS jet data, but little of the ATLAS jet data. Hence, we feel confident including the Tevatron jet data using approximate NNLO expressions, especially given that in \[[@CR109]\] we investigated the effect of rather dramatic modifications of these corrections, finding only rather moderate changes in PDFs and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$. We could arguably include (much of) the CMS jet data, but for the moment err on the side of caution.

### Exploratory fits to LHC jet data at 'NNLO' {#Sec23}

Despite leaving the LHC jet data out of the PDF determination at NNLO we have explored the effect of including very approximate NNLO corrections to the LHC data based on the threshold corrections and the known exact calculations so far available. To do this, we applied a $\documentclass[12pt]{minimal}
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                \begin{document}$$K$$\end{document}$-factor, in Figs. [16](#Fig16){ref-type="fig"}, [17](#Fig17){ref-type="fig"} and [18](#Fig18){ref-type="fig"}. One can see that the shape of data relative to theory remains very good, but the discrepancy before correlated uncertainties are applied is now larger in magnitude. This seems to cause little problem for the fit quality for CMS data, but the fact that the relative size of the mismatch between "raw" theory and data is different for the two energies for the ATLAS measurement leads to some limited deterioration in the fit quality.Fig. 16The fit quality for the ATLAS $\documentclass[12pt]{minimal}
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                \begin{document}$$K$$\end{document}$-factor described in the text. The *red points* represent the ratio of measured data to theory predictions, and the *black points* (clustering around Data/Theory $\documentclass[12pt]{minimal}
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                \begin{document}$$=$$\end{document}$ 1) correspond to this ratio once the best fit has been obtained by shifting theory predictions relative to data by using the correlated systematicsFig. 17The fit quality for the ATLAS $\documentclass[12pt]{minimal}
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We have also tried the experiment of including the CMS and ATLAS jet data into the MMHT2014 fit with each of the $\documentclass[12pt]{minimal}
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                \begin{document}$$K$$\end{document}$-factors. The quality is then shown by the unbracketed numbers in the right-hand column of Table [4](#Tab4){ref-type="table"}. The fit quality to the jet data improves slightly, mainly for ATLAS data, though it is still slightly worse than for the NLO fit. The PDFs and $\documentclass[12pt]{minimal}
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### Jet data in the LO fit {#Sec24}

In the LO fit, where the cross section is calculated at order $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{O}(\alpha _S^2)$$\end{document}$, the jet data are all included. The fit quality to both LHC and Tevatron data is worse than at NLO, but only with an increase in $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2/N_\mathrm{pts}=162/116$$\end{document}$. The fit does normalise the Tevatron data downwards quite significantly, but this is not so apparent for the LHC data, partially due to the much smaller normalisation uncertainties at the LHC.

Results for the global analysis {#Sec25}
===============================

The previous section shows the quality of the description of the LHC data before and after they are included in both the NLO and the NNLO global fit. In this section we discuss the overall fit quality and the resulting parton distributions functions. We also compare the results with the MSTW 2008 PDFs.

The parameterisation of the input PDFs is as discussed in Sect. [2.1](#Sec3){ref-type="sec"}, and we now treat the coefficients of the first two Chebyshev polynomials for the $\documentclass[12pt]{minimal}
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                \begin{document}$$s_{+}$$\end{document}$ distribution as free, unlike the case before inclusion of LHC data. At LO we make some changes to the parameterisation to stop the PDFs behaving peculiarly in regions where they are not directly constrained -- there is a tendency for a large negative contribution in a very limited region of $\documentclass[12pt]{minimal}
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                \begin{document}$$s_{+}$$\end{document}$ to be free at LO and parameterise the gluon with four free Chebyshev polynomials, but no second term. This means that both $\documentclass[12pt]{minimal}
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Fig. 19The *dark arrows* indicate the optimal values of $\documentclass[12pt]{minimal}
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The fit quality {#Sec27}
---------------

The quality of the best fit is shown at LO, NLO and NNLO in Table [5](#Tab5){ref-type="table"}. Note that at NNLO the values are for the absolute best fit with $\documentclass[12pt]{minimal}
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Central PDF sets and uncertainties {#Sec28}
----------------------------------

The parameters for the central PDF sets at LO, NLO and NNLO are shown in Table [6](#Tab6){ref-type="table"}. In order to describe the uncertainties on the PDFs we apply the same procedure as in \[[@CR1]\] (originally presented in \[[@CR133]\]), i.e. we use the Hessian approach with a dynamical tolerance, and hence obtain a set of PDF eigenvector sets each corresponding to $\documentclass[12pt]{minimal}
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### Procedure to determine PDF uncertainties {#Sec29}
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### Uncertainties of the MMHT2014 PDFs {#Sec30}

The increase in the parameterisation flexibility in the present MMHT analysis leads to an increase in the number of parameters left free in the determination of the PDF uncertainties, as compared to the MSTW2008 analysis. Indeed, we now have 25 eigenvector pairs, rather than the 20 in \[[@CR1]\] or even the 23 in \[[@CR11]\]. The 25 parameters[13](#Fn13){ref-type="fn"} left free for the determination of the eigenvectors consist of: $\documentclass[12pt]{minimal}
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We comment briefly on the manner in which the values of $\documentclass[12pt]{minimal}
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We do not show the details of the eigenvectors at LO since we regard this as a much more approximate fit. However, we note that at LO the good agreement between $\documentclass[12pt]{minimal}
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We see that there is some similarity between the eigenvectors for the NLO and NNLO PDFs, with some, e.g. 1, 5, 7, 19, 20, being constrained by the same data set and corresponding to the same type of PDF uncertainty. In some cases the order of the eigenvectors (determined by size of eigenvalue) is simply modified slightly by the changes between the NLO and NNLO fit e.g. 3 at NLO and 2 at NNLO, 23 at NLO and 24 at NNLO. However, despite the fact that the data fit at NNLO is very similar to that at NLO, and the parameterisation of the input PDFs is identical, the changes in the details of the NLO and NNLO fit are sufficient to remove any very clear mapping between the eigenvectors in the two cases, and some are completely different. We present the details of the eigenvectors at NLO here for the best-fit value of $\documentclass[12pt]{minimal}
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### Data sets which most constrain the MMHT2014 PDFs {#Sec31}

It is very clear from Tables [7](#Tab7){ref-type="table"} and [9](#Tab9){ref-type="table"} that a wide variety of different data types are responsible for constraining the PDFs. At NLO 6 of the 50 eigenvector directions are constrained by HERA structure function data, 13 by fixed-target data structure function data, and 4 by the newest LHC data. Three of the LHC driven constraints are on the valence quarks and come from lepton asymmetry data. One is a constraint on the strange quark from the ATLAS $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ data. There are still nine constraints from Tevatron data, again mainly on the details of the light-quark decomposition. The CCFR and NuTeV dimuon data \[[@CR31]\] constrain eight eigenvector directions because they still provide by far the dominant constraint on the strange and antistrange quarks, which have five free parameters in the eigenvector determination. Similarly, the E866 Drell--Yan total cross section asymmetry data constrain 10 eigenvector directions mainly because the asymmetry data are still by far the best constraint on $\documentclass[12pt]{minimal}
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At NNLO the picture is quite similar, but now HERA data constrain 11 eigenvector directions. Fixed-target data are similar to NLO with 10, but the Tevatron reduces to six. The LHC data now constrain eight eigenvector directions. As at NLO, this is dominantly lepton asymmetry data constraining valence quarks (winning out over Tevatron data compared to NLO in a couple of cases) but also ATLAS $\documentclass[12pt]{minimal}
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### Availability of MMHT2014 PDFs {#Sec32}

Recall that the NNLO set of PDFs that we present correspond to the default value of $\documentclass[12pt]{minimal}
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These four sets of PDFs are available as program-callable functions from \[[@CR14]\], and from the LHAPDF library \[[@CR15]\]. A new HepForge \[[@CR16]\] project site is also expected.
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Comparison of MMHT2014 with MSTW2008 PDFs {#Sec33}
-----------------------------------------

We now show the change in both the central values and the uncertainties of the NLO PDFs at $\documentclass[12pt]{minimal}
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### Gluon and light quark {#Sec34}

In Fig. [21](#Fig21){ref-type="fig"} we compare the gluon and total light-quark distributions. In this and subsequent plots we show uncertainty bands for the full MMHT2014 and MSTW2008 PDFs, but only show the central value of the MMHT2014 PDFs obtained without LHC data. This is because it is interesting to see the (usually quite small) direct effect on the best PDFs from LHC data, but we note that the parameterisation for the strange quark is more limited when LHC data are not included as without LHC Drell--Yan type data there is insufficient constraint on the details of the shape of the strange quark. This means it is not possible to properly reflect the change in strange quark uncertainty in MMHT2014 PDFs before and after LHC data is added, which is actually the dominant change in PDF uncertainties between MSTW2008 and MMHT2014 PDFs, and which feeds into the total light-quark uncertainty. Really, it is only the addition of the LHC data which allow us to present an uncertainty on the strange PDFs with full confidence. We do note, however, that the gluon uncertainty is essentially unchanged by the addition of LHC data except to a very minor improvement at high-$\documentclass[12pt]{minimal}
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### Up and down quark {#Sec35}

In Fig. [22](#Fig22){ref-type="fig"} we compare the up and down quark distributions. The very small $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ was again already apparent in \[[@CR11]\] and is due to improved deuterium corrections and parameterisation. The fine details are modified by the inclusion of LHC data, but the main features are present in the fit without LHC data. The change in the uncertainties is similar to that for the total light sea, though the flexibility in the improved deuteron corrections does contribute to the increase in uncertainty of the down distribution.

### $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u_V-d_V$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$s+\bar{s}$$\end{document}$ distributions {#Sec36}

In Fig. [23](#Fig23){ref-type="fig"} we compare the $\documentclass[12pt]{minimal}
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In Fig. [24](#Fig24){ref-type="fig"} we show the comparison of $\documentclass[12pt]{minimal}
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### Comparison with MSTW2008 at NNLO {#Sec38}

The changes in the NNLO PDFs going from MSTW2008 to MMHT2014 are very similar to those at NLO. However, the $\documentclass[12pt]{minimal}
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Just as at NLO, the only real impact on the quark uncertainties due to the LHC data is a slight improvement in the flavour decomposition near $\documentclass[12pt]{minimal}
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We also show the effect of including the LHC jet data in the NNLO fit with the use of both the smaller and larger $\documentclass[12pt]{minimal}
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### Comparison between NLO and NNLO {#Sec39}

The comparison between some of the NLO and NNLO PDFs is shown in Fig. [28](#Fig28){ref-type="fig"}. One can see that the NNLO gluon is a little higher at highest $\documentclass[12pt]{minimal}
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Predictions and benchmarks {#Sec40}
==========================

In Tables [11](#Tab11){ref-type="table"} and [12](#Tab12){ref-type="table"} we show the predictions for various benchmark processes at the LHC for the MSTW PDFs \[[@CR1]\] and the MMHT sets of PDFs, also showing the results before LHC data are included in the fit for comparison (though the uncertainties are not calculated in this case). We calculate the total cross sections for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow l^+l^-$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\rightarrow l \nu $$\end{document}$, Higgs production via gluon--gluon fusion and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \bar{t}$$\end{document}$ production. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W, Z$$\end{document}$ and Higgs production we use the same approach to calculation as used[15](#Fn15){ref-type="fn"} in \[[@CR1]\], and improved in \[[@CR132]\]. For the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\rightarrow l^+l^-$$\end{document}$ branching ratio we use 0.033658 and for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\rightarrow l \nu $$\end{document}$ we take 0.1080 \[[@CR129]\]. We use LO electroweak perturbation theory, with the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$qqW$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$qqZ$$\end{document}$ couplings defined by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} g_W^2 = G_F M_W^2 / \sqrt{2}, \quad g_Z^2 = G_F M_Z^2 \sqrt{2}, \end{aligned}$$\end{document}$$and other electroweak parameters are as in \[[@CR1]\]. We take the Higgs mass to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_H=125~\mathrm GeV$$\end{document}$, and the top pole mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_t=172.5~\mathrm GeV$$\end{document}$. For the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \bar{t}$$\end{document}$ cross section we use the calculation and code in \[[@CR104]\]. In all cases we use the particle mass as the renormalisation and factorisation scale. The main purpose of the presentation is to investigate how both the central values and the uncertainties of the predictions have changed in going from MSTW2008 PDFs to MMHT2014 PDFs, so we provide results for the Tevatron and LHC with centre-of-mass energies 7 and 14  TeV. This gives quite a spread of energies whereas relative effects at 8 and 13 TeV would be very similar to those at 7 and 14  TeV. We do not intend to present definite predictions or compare in detail to other PDF sets as both these results are frequently provided in the literature with very specific choices of codes, scales and parameters which may differ from those used here.Table 11The values of various cross sections (in nb) obtained with the NLO MSTW 2008 parton sets \[[@CR1]\] and the NLO MMHT 2014 sets. We show the values before and after the LHC data are included in the present fits, but not the uncertainty in the former case. The uncertainties are PDF uncertainties onlyMSTW08 NLOMMHT14 NLO no LHCMMHT14 NLO$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\,\, \mathrm{Tevatron}\,\,(1.96~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.659^{+0.057}_{-0.045}$$\end{document}$2.685$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.645^{+0.058}_{-0.049}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{Tevatron}\,\,(1.96~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.2426^{+0.0054}_{-0.0043}$$\end{document}$0.2486$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.2442^{+0.0049}_{-0.0043}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+ \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5.960^{+0.129}_{-0.097}$$\end{document}$6.107$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5.974^{+0.092}_{-0.086}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^- \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.192^{+0.092}_{-0.071}$$\end{document}$4.181$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.163^{+0.069}_{-0.061}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.931^{+0.020}_{-0.014}$$\end{document}$0.941$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.932^{+0.013}_{-0.013}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+ \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$12.07^{+0.24}_{-0.21}$$\end{document}$12.43$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$12.17^{+0.20}_{-0.18}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^- \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.107^{+0.19}_{-0.16}$$\end{document}$9.16$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.10^{+0.15}_{-0.14}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.001^{+0.040}_{-0.032}$$\end{document}$2.035$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.016^{+0.031}_{-0.033}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{Tevatron}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.658^{+0.021}_{-0.027}$$\end{document}$0.636$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.644^{+0.021}_{-0.022}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{LHC}\,\,(7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$11.39^{+0.16}_{-0.19}$$\end{document}$11.26$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$11.28^{+0.21}_{-0.20}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{LHC}\,\,(14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$37.93^{+0.42}_{-0.60}$$\end{document}$37.67$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$37.63^{+0.67}_{-0.59}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ t\bar{t} \,\,\mathrm{Tevatron}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6.85^{+0.19}_{-0.13}$$\end{document}$6.89$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6.82^{+0.18}_{-0.17}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ t\bar{t}\,\,\mathrm{LHC}\,\,(7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$162.0^{+4.3}_{-5.4}$$\end{document}$157.0$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$158.6^{+4.5}_{-4.5}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ t\bar{t}\,\,\mathrm{LHC}\,\,(14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$903.8^{+16}_{-17}$$\end{document}$886.7$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$891.9^{+18}_{-18}$$\end{document}$Table 12The values of various cross sections (in nb) obtained with the NNLO MSTW 2008 parton sets \[[@CR1]\] and the NNLO MMHT 2014 sets. We show the values before and after the LHC data are included in the present fits, but not the uncertainty in the former case. The uncertainties are PDF uncertainties onlyMSTW08 NNLOMMHT14 NNLO no LHCMMHT14 NNLO$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W\,\, \mathrm{Tevatron}\,\,(1.96~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.746^{+0.049}_{-0.042}$$\end{document}$2.803$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.782^{+0.056}_{-0.056}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{Tevatron}\,\,(1.96~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.2507^{+0.0048}_{-0.0041}$$\end{document}$0.2574$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.2559^{+0.0052}_{-0.0046}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+ \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6.159^{+0.111}_{-0.099}$$\end{document}$6.214$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6.197^{+0.103}_{-0.092}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^- \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.310^{+0.078}_{-0.069}$$\end{document}$4.355$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.306^{+0.067}_{-0.076}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{LHC}\,\, (7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.9586^{+0.020}_{-0.014}$$\end{document}$0.9695$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.9638^{+0.014}_{-0.013}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+ \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$12.39^{+0.22}_{-0.21}$$\end{document}$12.49$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$12.48^{+0.22}_{-0.18}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^- \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.33^{+0.16}_{-0.16}$$\end{document}$9.39$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$9.32^{+0.15}_{-0.14}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \,\,\mathrm{LHC}\,\, (14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.051^{+0.035}_{-0.033}$$\end{document}$2.069$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.065^{+0.035}_{-0.030}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{Tevatron}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.853^{+0.028}_{-0.029}$$\end{document}$0.877$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.874^{+0.024}_{-0.030}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{LHC}\,\,(7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$14.40^{+0.17}_{-0.23}$$\end{document}$14.54$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$14.56^{+0.21}_{-0.29}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Higgs} \,\,\mathrm{LHC}\,\,(14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$47.50^{+0.47}_{-0.74}$$\end{document}$47.61$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$47.69^{+0.63}_{-0.88}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t} \,\,\mathrm{Tevatron}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$7.19^{+0.17}_{-0.12}$$\end{document}$7.54$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$7.51^{+0.21}_{-0.20}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}\,\,\mathrm{LHC}\,\,(7~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$171.1^{+4.7}_{-4.8}$$\end{document}$176.5$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$175.9^{+3.9}_{-5.5}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}\,\,\mathrm{LHC}\,\,(14~\mathrm TeV)$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$953.3^{+16}_{-18}$$\end{document}$969.0$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$969.9^{+16}_{-20}$$\end{document}$

For the NLO PDFs one can see that there are no shifts in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ cross sections as large as the uncertainties when going from the MSTW2008 predictions to those of MMHT2014. The NLO values of the cross section for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ production at the Tevatron and of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W^+$$\end{document}$ production at the LHC do change by slightly more than one standard deviation on the non-LHC MMHT2014 fit, but the inclusion of LHC data brings these cross sections back towards the MSTW2008 predictions. The uncertainties are generally slightly smaller when using the MMHT2014 PDFs, but this is a fairly minor effect. For Higgs production via gluon--gluon fusion at NLO the changes are all within one standard deviation, with a slight decrease in the MMHT2014 sets due to the slightly smaller high-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ gluon distribution. The uncertainties are slightly decreased with the new PDFs at low energy, but increase a little at higher energy. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \bar{t}$$\end{document}$ production there is a slight decrease in the predicted cross section for the MMHT2014 set at the LHC, and as with Higgs production this is more of an effect before LHC data are included. As with Higgs production this is due mainly to the smaller gluon at high-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{\bar{t} t}$$\end{document}$ probing higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ than Higgs production.

The trend is the same for the predictions for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ cross sections at NNLO. There is generally a slight increase from the use of the MMHT2014 sets, but, with the marginal exception of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ production at the Tevatron, this change is always within one standard deviation for the full MMHT2014 PDFs. It is sometimes slightly more than this when using the non-LHC data MMHT2014 sets, and again the inclusion of LHC data brings MMHT2014 closer to MSTW2008. For the Higgs cross sections via gluon--gluon fusion there is consistently a very small increase. This is because even though the gluon distribution decreases in the most relevant $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ region, i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x \approx 0.06$$\end{document}$ for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=1.96~\mathrm TeV$$\end{document}$ and i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x \approx 0.009$$\end{document}$ for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=14~\mathrm TeV$$\end{document}$, the coupling constant has increased, and this slightly overcompensates the smaller gluon. If the predictions are made using the absolutely best-fit PDFs with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)=0.1172$$\end{document}$ the Higgs predictions decrease compared to MSTW2008, but again by much less than the uncertainty. As at NLO the MMHT2014 uncertainties have reduced a little at the highest energies but increased at higher energies. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \bar{t}$$\end{document}$ production there is an increase in the cross section for the MMHT PDFs of about $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5\,\%$$\end{document}$ at the Tevatron and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3\,\%$$\end{document}$ at the LHC, with again the effect being slightly larger before LHC data are included. This is partially due to the larger coupling in the MMHT sets, with the change being reduced to about $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3\,\%$$\end{document}$ at the Tevatron and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\,\%$$\end{document}$ if the MMHT2014 absolute best-fit set with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)=0.1172$$\end{document}$ is used. The remainder of the effect is due to the enhancement of the very high$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-x$$\end{document}$ gluon at NNLO in MMHT2014. The change is in some cases more than one standard deviation from the best MSTW prediction, but only when compared to just the PDF uncertainties. If predictions with common $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ are compared, or PDF $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ uncertainties taken into account the changes are at most about one standard deviation.
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As well as improvements in the type of data we currently include in the PDF analysis there are currently a variety of new forms of LHC data being released, which will also provide new, sometimes complementary, constraints on PDFs. Some of the most clear examples of these are dijet data \[[@CR106], [@CR107], [@CR140]\], top quark differential distributions \[[@CR141], [@CR142]\] and $\documentclass[12pt]{minimal}
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Dijet production at the LHC {#Sec42}
---------------------------

The comparison to the dijet data in \[[@CR106], [@CR107]\] was studied in \[[@CR109]\]. It was clear that at high rapidity there was a significant difference in conclusions depending on which scale choice was used, i.e. one depending just on $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$7~\mathrm TeV$$\end{document}$ ATLAS jet data \[[@CR145]\], so presumably MMHT2014 PDFs will as well.

$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W+$$\end{document}$ charm jet production {#Sec43}
--------------------------------------------------------------------------
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Differential top-quark-pair data from the LHC {#Sec44}
---------------------------------------------

Finally we compare to some recent differential top quark data \[[@CR142]\]. The comparison between NLO theory, with the calculation performed using MCFM \[[@CR146]\], and data are shown for both MSTW2008 and MMHT2014 in Fig. [29](#Fig29){ref-type="fig"} as functions of $\documentclass[12pt]{minimal}
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Comparison of MMHT with other available PDFs {#Sec45}
============================================

Here we compare the MMHT14 PDFs to PDF sets obtained by other groups. The most direct comparison is with the NNPDF3.0 PDFs which have very recently been obtained in a new global analysis performed by the NNPDF collaboration \[[@CR17]\]. This involves a fit to very largely the same data sets, including much of the available LHC data, and also uses a general mass variable flavour number scheme which has been shown to converge with that used in our analysis as the order increases \[[@CR148]\]. There do, however, remain some significant differences in the two theoretical approaches. For example, NNPDF3.0 does not apply deuteron and heavy-nuclear target corrections. Moreover, the MMHT and NNPDF collaborations use quite a different procedure for the analysis. The NNPDF collaboration combine a Monte Carlo representation of the probability measure in the space of PDFs with the use of neural networks to give a set of unbiased input distributions. On the other hand, here, we use parameterisations of the input distributions based on Chebyshev polynomials where the optimum order of the polynomials for the various PDFs is explored in the fit.

Although the most direct comparison is between the MMHT14 and NNPDF3.0 sets of PDFs, we also compare to older PDF sets; i.e. the MSTW08 \[[@CR1]\] and NNPDF2.3 \[[@CR3]\] sets, which MMHT14 and NNPDF3.0 supersede, and with the ABM12 \[[@CR5]\], CT10 \[[@CR2]\] and HERAPDF1.5 \[[@CR4]\] sets which are obtained from a smaller selection of data.[16](#Fn16){ref-type="fn"}

Representative comparison plots of various PDF sets {#Sec46}
---------------------------------------------------

As a representative sample, we show in Figs. [30](#Fig30){ref-type="fig"}, [31](#Fig31){ref-type="fig"} and [32](#Fig32){ref-type="fig"} the comparison of MMHT14 and NNPDF3.0 for six PDFs: namely the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g$$\end{document}$, light quark, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u_V$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_V$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{u}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$s + \bar{s}$$\end{document}$, at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q^2=10^4~\mathrm GeV^2$$\end{document}$ at NNLO. All the plots show the MMHT14 and NNPDF3.0 PDFs with their error corridors. The plots on the left of the figures also show the MSTW08 and NNPDF2.3 PDFs (but now without their error corridors), which have been superseded by the MMHT14 and NNPDF3.0 sets, respectively, The plots on the right of the figures show the comparison with the central values of ABM12, CT10 and HERAPDF1.5 PDFs. These representative plots of PDFs are sufficient to draw general conclusions concerning the comparisons, which we discuss in the subsections below.

As noted above, the treatment of the input distributions and the uncertainties are quite different in the NNPDF and MMHT analyses. However, remarkably, we see from Figs. [30](#Fig30){ref-type="fig"}, [31](#Fig31){ref-type="fig"} and [32](#Fig32){ref-type="fig"} that in regions where the NNLO PDFs are tightly constrained by the data, with a few exceptions, the values, and also the error corridors, are very consistent between the two analyses.Fig. 30The comparison between NNLO NNPDF3.0 and MMHT14 PDFs at $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q^2=10^4~\mathrm GeV^2$$\end{document}$ showing the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{u}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$s + \bar{s}$$\end{document}$ quark PDFs. Also shown (without error corridors) are the NNPDF2.3 and MSTW08 PDFs (*left*) which they supersede and (*right*) CT10 HERAPDF1.5 and ABM12 PDFsFig. 32The comparison between NNLO NNPDF3.0 and MMHT14 PDFs at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q^2=10^4~\mathrm GeV^2$$\end{document}$ showing the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u_V$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_V$$\end{document}$ quark PDFs. Also shown (without error corridors) are the NNPDF2.3 and MSTW08 PDFs (*left*) which they supersede and (*right*) CT10 HERAPDF1.5 and ABM12 PDFs

Comparison of gluon PDFs and sea quark PDFs {#Sec47}
-------------------------------------------
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Comparison of valence quark distributions {#Sec49}
-----------------------------------------

There is, perhaps unsurprisingly, more difference in the PDFs for valence distributions, as seen in Fig. [32](#Fig32){ref-type="fig"}, since there is less direct constraint from the data. MMHT14 and NNPDF3.0 agree well for both $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u_V$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_V$$\end{document}$ at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x > 0.05$$\end{document}$ where the valence quarks provide the dominant contribution to the structure function data. However, at lower $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ values. Where sea quarks dominate, the PDFs start to differ significantly. Both the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u_V$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_V$$\end{document}$ of NNPDF3.0 become smaller than those of MMHT14 for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x \sim 0.01$$\end{document}$ (though more so for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$d_V$$\end{document}$), and then become larger at very small $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$ as a result of the quark number constraint.
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Comparison at NLO {#Sec50}
-----------------

The same type of PDF comparison is made between NNPDF3.0 and MMHT14 at NLO in Fig. [33](#Fig33){ref-type="fig"}. For the gluon (left-hand plot) this shows less agreement between the values of the MMHT14 and NNPDF3.0 PDFs than the comparison at NNLO, though the width of the error corridors are still comparable. NNPDF3.0 is larger for $\documentclass[12pt]{minimal}
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So far we have compared the PDF sets at $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2=10^4 ~\mathrm GeV^2$$\end{document}$. The comparison of MMHT14 and NNPDF3.0 (and other) PDFs at lower $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2=10~\mathrm GeV^2$$\end{document}$, shows the same general trends, but now the error corridors are wider, particularly at very small $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$, as illustrated for MMHT2014 PDFs in Figs. [1](#Fig1){ref-type="fig"} and [20](#Fig20){ref-type="fig"}, respectively.

Conclusions {#Sec51}
===========

We have performed fits to the available global hard scattering data to determine the PDFs of the proton at NLO and NNLO, as well as at LO. These PDF sets, denoted MMHT2014, supersede the MSTW2008 sets, that were obtained using a similar framework, since we have made improvements in the theoretical procedure and since more data have become available in the intervening period. The resulting MMHT2014 PDF sets may be accessed, as functions of $\documentclass[12pt]{minimal}
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                \begin{document}$$x,Q^2$$\end{document}$ in computer retrievable form, as described in Sect. [5.3.4](#Sec32){ref-type="sec"}.

How has the theoretical framework been improved? This was the subject of Sect. [2](#Sec2){ref-type="sec"}. First, we now base the parameterisation of the input distributions on Chebyshev polynomials. It was shown in \[[@CR11]\] that this provided a more stable determination of the parameters. We now also use more free parameters than previously, i.e. an additional two for each valence quark, for the overall sea distribution and the strange sea. However, we only use five more in determining PDF eigenvectors as there is some still some redundancy in parameters. Next, note that even with the advent of LHC data, we find we still need the fixed-target nuclear data to determine the flavour separation of the PDFs. So our second improvement is to use a physically motivated parametric form for the deuteron correction, and to allow the data to determine the parameters with the uncertainties determined by the quality of the fit. The first step in this direction was taken in \[[@CR11]\], but now we find that the global fit results in a correction factor even more in line with theoretical expectations; see Fig. [3](#Fig3){ref-type="fig"}. There are similar improvements for the heavy-nuclear corrections for the deep inelastic neutrino scattering data, with an update of the corrections used, and again allowing some freedom to modify these corrections and for the fit to choose the final form. The third improvement concerns the treatment of the heavy $\documentclass[12pt]{minimal}
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                \begin{document}$$(c,b)$$\end{document}$ quark thresholds. We use an optimal GM-VFNS to give improved smoothness in the transition region where the number of active flavours increases by one. The fourth improvement is to use the multiplicative, rather than the additive, definition of correlated uncertainties. Another important change in our procedure is the treatment of the $\documentclass[12pt]{minimal}
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                \begin{document}$$B_{\mu }$$\end{document}$, but with a larger uncertainty than the direct measurement, leading to a much larger uncertainty on the strange quark PDFs than that in the MSTW2008 PDFs; see Figs. [23](#Fig23){ref-type="fig"} and [25](#Fig25){ref-type="fig"}.

What data are now included that were not available for the MSTW08 analysis? This was the subject of Sects. [3](#Sec12){ref-type="sec"} and [4](#Sec13){ref-type="sec"}. First, we are now able to use the combined H1 and ZEUS run I HERA data for the neutral and charged current, and for the charm structure functions. Then we have $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ charge asymmetry data updated from the Tevatron experiments and new from the LHC experiments. We also have LHC data for $\documentclass[12pt]{minimal}
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                \begin{document}$$W,Z$$\end{document}$, top-quark-pair and jet production. It is interesting to see which data sets most constrain the PDFs. This is discussed in Sect. [5.3.3](#Sec31){ref-type="sec"}; and displayed in Tables [7](#Tab7){ref-type="table"} and [9](#Tab9){ref-type="table"} for the NLO and NNLO PDF sets, respectively. It is still the case that the constraints come from a very wide variety of data sets, both old and new, with LHC data providing some important constraints, particularly on quark flavour decomposition.

Some LHC data are not included in the present fits; namely dijet production, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T^t$$\end{document}$ (using NLO QCD), see Sect. [7.3](#Sec44){ref-type="sec"}. In all these cases full NNLO corrections are still awaited, and it will be interesting to see how they change the predictions we have at NLO.

The new MMHT14 PDFs only significantly differ from the MSTW08 PDF sets for $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ charge asymmetry measurements at the Tevatron and the LHC. The MSTW08 partons gave a poor description of these data. This was cured by changing to a Chebyshev polynomial parameterisation of the input distributions, with more free parameters, and by a better treatment of the form of the deuteron corrections, as first noted in \[[@CR11]\], and further improved here. It is therefore not surprising that the MSTW08 PDFs still give reliable predictions for all other data; see Tables [11](#Tab11){ref-type="table"} and [12](#Tab12){ref-type="table"} for some NLO and NNLO predictions, respectively. The only other significant change is in the total strange quark distribution, with a moderate increase in magnitude (larger than the MSTW2008 uncertainty) for the best-fit value, but a very significant increase in uncertainty. Thus, we may conclude that one is unlikely to obtain an inaccurate prediction for the vast majority of processes using MSTW08 PDFs, but we recommend the use of MMHT14 PDFs for the optimum accuracy for both the central value and uncertainty.

As we enter an era of precision physics at the LHC, it is crucial to have PDFs determined as precisely as possible. So improvements to the MSTW08 PDFs are valuable. In this respect, it is important to notice that the values and error corridors of the two very recent sets of PDFs (the MMHT14 and NNPDF3.0 sets, obtained with very different methodologies) are consistent with each other at NNLO, with only a few differences of more than one standard deviation, and that the values are closer together than hitherto; see Figs. [30](#Fig30){ref-type="fig"}, [31](#Fig31){ref-type="fig"} and [32](#Fig32){ref-type="fig"}. Hence, although it appears that the intrinsic uncertainties from individual PDF sets are not shrinking at present, with new data being balanced by better means of estimating full PDF uncertainty, the PDF uncertainties from combinations of PDFs, for example as in \[[@CR130]\], are very likely to decrease in the future.
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                \begin{document}$$x$$\end{document}$ gluon PDF, that is, jet production and the differential distributions for top-quark-pair production, it will be important to complete the NNLO formalism. There are already some results for the former process in \[[@CR115]--[@CR117]\] and for the latter process in \[[@CR153]\]. On the experimental side it will be important to reliably measure the distributions for these processes, particularly for values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p^t_T$$\end{document}$ and rapidity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y_t$$\end{document}$, which are as large as possible.

We note that preliminary reports on these new PDFs have been presented in \[[@CR7], [@CR8]\].

The PDF sets in this article are often referred to as MSTWCPdeut, but we will use the nomenclature MMSTWW, i.e. the initials of the authors of the article, throughout this paper.

This choice works well for PDF uncertainties, as discussed in \[[@CR26]\].

We do not treat the top quark as a parton, i.e. even at high scale we remain in a five flavour scheme. Even at LHC energies the mass of the top quark is quite large compared to any other scale in the process, and the expressions for the cross sections for top production are all available in the scheme where the top appears in the final state.

The parameters are those of the input PDFs, the QCD coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$y$$\end{document}$ at the LHC, but here the data are sparse and, moreover, on the theory side, there are potentially large uncertainties, particularly in the former case where it is not the standard integrated PDFs which are being directly probed, and more work is needed for data from these processes to be useful \[[@CR52]--[@CR56]\].

We note that the measurement at 8 TeV is actually published after the beginning of 2014 (although submitted at the end of 2013), and hence officially does not satisfy our cut-off on the date for data included. However, this data point is extremely well fit at both NLO and NNLO, with the contribution to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ much less than 1 unit, and has extremely little pull on the PDFs. It is effectively included as a comparison rather than as a constraint.

In the analysis of \[[@CR109]\] we cut two more ATLAS points at the edge of rapidity bins due to very poor fits to these points. This was much more of an issue when using the additive definition for correlated uncertainties, and we have reinstated these points here. Indeed the whole fit quality for this data set is much better using the multiplicative definition.

It has very recently been brought to our attention that there is a change in the luminosity determination for the data in \[[@CR10], [@CR107]\], and the cross sections should be multiplied by a factor of 1.0187 and the uncertainty on the global normalisation ("Lumi") increases slightly from $\documentclass[12pt]{minimal}
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                \begin{document}$$R$$\end{document}$ was not accounted for in \[[@CR120]\].

We realise that, strictly speaking, the D0 jet data are difficult to include in an NNLO fit since the mid-point algorithm used becomes infrared unsafe at this order \[[@CR123]\]. However, the whole "NNLO" jet treatment is approximate at present. We will revisit the question of whether to include these data in future fits when the full NNLO calculation is known. At this time presumably there will also be more precise LHC jet data and the D0 jet data would play a diminishing role in the fit anyway.

We note, however, that the stability of the fit quality to CMS jet data with inclusion of NNLO $\documentclass[12pt]{minimal}
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The expressions for the input PDFs in terms of the parameters are given in Sect. [2.1](#Sec3){ref-type="sec"}.

See \[[@CR134]\], where it is shown this is equivalent to treating $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S(M_Z^2)$$\end{document}$ as an extra parameter in the eigenvector approach in the limit that the Hessian formalism is working perfectly.

We use the code provided by Stirling, based on the calculation in \[[@CR137], [@CR138]\] and \[[@CR139]\].

The ABM12 analysis does include some of the LHC $\documentclass[12pt]{minimal}
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We note that NNPDF3.0 uses a charm pole mass of $\documentclass[12pt]{minimal}
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